One of the key challenges in magnetism remains the determination of the nanoscopic magnetization profile within thick samples, such as bulk ferromagnets. Thanks to the large penetration depth of neutrons, magnetic small-angle neutron scattering (SANS) is a powerful technique to characterize bulk samples with nanometer resolution. The major challenge regarding magnetic SANS is accessing the real-space magnetization vector field from the reciprocal scattering data. In this letter, we apply a fast, iterative algorithm to extract the underlying two-dimensional magnetic correlation functions.
In Nanoperm, a technologically-relevant nanostructured magnetic alloy, 16 small Fe nanocrystallites are embedded in a soft magnetic, amorphous matrix. The Fe nanoparticles are at first approximation single-domain particles and their dipolar stray fields impose a distortion of the magnetization in the surrounding, magnetically softer matrix. 17 In previous SANS studies of Nanoperm it was shown that the magnetodipolar stray fields of the Fe nanocrystals cause characteristic anisotropies in the magnetic SANS patterns. 18, 19 However, in general, the key challenge regarding magnetic SANS remains accessing the real-space magnetization vector field from the reciprocal scattering data. In most studies, data analysis is done by analyzing 1D sectors or radial averages, e.g by fitting the data to a particular model in reciprocal space, [20] [21] [22] by determining model-independently the real-space 1D correlation functions, 23, 24 or by a qualitative discussion. 25 But due to the anisotropic nature of magnetic scattering, reducing the analysis to 1D essentially means a loss of information. Moreover, in many studies structural form-factor models, adapted from nuclear SANS, are utilized, which fail to account for the existing spin inhomogeneity inside magnetic nanostructured systems. Only recently the analysis of the total (magnetic and/or nuclear) 2D patterns was introduced, either by directly calculating the cross section in reciprocal space 26, 27 or by determining the real-space 2D correlation functions. 28, 29 Here, we introduce a new method to extract the underlying 2D correlation functions from 2D SANS patterns. We use this approach to analyze the magnetic SANS data of Nanoperm and show that the derived correlation functions nicely reflect the real-space, nanoscale magnetization configuration. With this study we demonstrate that magnetic SANS is a unique and powerful method to visualize the 2D magnetic correlation function, i.e. a projection of the 3D real-space magnetization configuration M(r) into the detector plane.
Details regarding the sample preparation and the SANS experiment can be found in Michels et al. 19 . Briefly, the Nanoperm (Fe 89 Zr 7 B 3 Cu) sample was prepared by melt spinning and subsequent annealing, and had an average Fe crystallite size of 12 nm according to Xray diffraction and electron microscopy. The magnetic-field-dependent, unpolarized SANS measurements were performed at room temperature on the SANS-2 instrument at GKSS, Geesthacht, Germany, using an incident wavelength of λ = 0.58 nm. In this paper we will focus our analysis on the SANS measurements within a total q-range of q = 0.1 − 1.2 nm −1 (q is the scattering vector or momentum transfer). The homogeneous magnetic field H||e z was applied normal to the incident neutron beam k||e x and in the plane of the sample. We will focus on the measurements performed at field strengths of µ 0 H = 321, 163, 85, and 45 mT.
By subtracting the total SANS cross section measured close to saturation (µ 0 H ∼ = 2 T) from the data at intermediate field strengths, the residual, purely magnetic SANS cross section
is obtained, 19 where the scattering vector q is defined in the detector yz-plane. In writing down Eq. 1 it is assumed that the sample is in the approach-to-saturation regime, and that In principle, the real-space 2D magnetic correlation function P (r) = rC(r), with C(r)
being the autocorrelation function in case of nuclear scattering, can be extracted from the experimental reciprocal scattering data I m (q) via a direct Fourier transform. 28 For the analysis of nuclear scattering patterns, however, usually indirect approaches are applied where the inverse problem is solved, [29] [30] [31] and which can be readily adapted to magnetic SANS. The challenge is to extract good and robust estimations for P (r) from the noisy data, also in case of restricted q-ranges as is usually the case in experiment. An additional problem regarding the evaluation of 2D scattering patterns is the necessary computation time related to processing the large matrices involved (i.e. the data and the 2D correlation function). Here, we introduce an iterative method (called Kaczmarz' algorithm 32 ) to solve this ill-conditioned problem, which was already used successfully for the fast analysis of magnetic particle imaging, magnetometry and magnetorelaxometry data of magnetic nanoparticle ensembles. 33, 34 For k||e x , the 2D scattering intensity can be written in polar coordinates as I m (q y , q z ) = I m (q, Θ), with q = |q| and Θ = arctan(q y /q z ). The 2D scattering pattern has N pixels, and for each pixel 'i' (i.e. data point) it can be expressed as:
The angle ϕ specifies the orientation of r in the yz-plane, and the extracted 2D distribution function P (r) is given by P (r, ϕ) = C(r, ϕ)r. 30 The matrix A in Eq. 2 is the data transfer matrix, which, in case of the 2D indirect Fourier transform, has the elements 28-31
As is typical in such an analysis, we use a linear spacing for the pre-determined r-and ϕ-vectors. We use the following algorithm from Kaczmarz to update the elements P (r j , ϕ j ) after each iteration according to:
where A i is the ith row of the matrix A, A i is its transpose, k is the iteration number, and one iteration contains a sweep over all rows i. It is important to note that we shuffle randomly through all rows A i , and that we normalized the residuals (i.e. I(q i , Θ i ) − A i · P k (r j , ϕ j ) ) to σ = I(q i , Θ i ), similar to a weighted least-squares fit. The Kaczmarz algorithm can be of course also used to determine the 1D correlation functions from 1D data sets (e.g. the radial average I(q) = 1/(2π) 2π 0 I(q, Θ)dΘ or individual sectors). In this case, Eq. 4 is applied to determine P k+1 (r j ) with A ij = sin (q i r j ) / (q i r j ) ∆r j being the matrix elements. 35 Materials parameters for Nanoperm were used from Honecker et al. 36 .
Before focusing on the 2D data, we will first use this approach to analyze the 1D cross section | M x | 2 . The transversal magnetization | M x | 2 is of interest because it can be easily extracted from the vertical sectors of the 2D scattering patterns (Θ = 90 • ± 10 • , Eq. 1). In Fig. 1(a) we show the field dependence of | M x | 2 , whereas Fig. 1(b) displays the 1D correlation functions P x (r). As can be seen, at the highest field strength P x (r) exhibits a well pronounced peak for 0 < r < 10 nm. It is safe to assume that this peak corresponds to the individual Fe crystallites, which have a size of around 12 nm and are in a single-domain state. This peak indicates that at 321 mT the magnetization inside the crystallites slightly deviates from perfect alignment along the field direction, probably due to the local magnetocrystalline anisotropy. With further decreasing field strength the magnitude of the peak increases but its position remains the same indicating a further tilting of the particle moments along the easy axis. Even at the lowest field we still see a shoulder at around 5 nm which is attributed to the single-domain Fe crystallites. In addition to the increase in peak intensity, at decreasing field strength we also observe progressively more deviation of P x (r) from zero for r > 10 nm. This corresponds to the increased slope we observe for | M x | 2 in the low q-range, and indicates the formation of an inhomogeneous magnetization profile around the crystallites. With decreasing external field strength the perturbations of the magnetization increases within the vicinity of the Fe crystallites.
To verify the strong influence of the stray field on the local magnetization configuration we simulated the magnetic nanostructure of Nanoperm with MuMax3. 37 Fig. 1(c) shows the squared y-component of the magnetization vector field at 163 mT (the black arrows indicate the orientation of M y ). The stray field of the Fe sphere with the functional form
results in a perturbation of the magnetization of the surrounding matrix picking up the symmetry of the stray field. Thus, the predicted effect of the dipole fields on the Fourier transform of the magnetization is that M y ≈M y sinΘcosΘ, whereM y is the angular independent (i.e. isotropic) amplitude of M y . Moreover, we can assume that for a statistically-isotropic microstructure also M z is angular independent (i.e. M z =M z ) and therefore we can write for the cross-term in Eq. 1 at first approximationM zMy sin 2 Θcos 2 Θ.
To describe the scenario depicted in Fig. 1(c) , Honecker et al. 36 developed an analytical theory for I m (q) which is valid in the approach to saturation (see Eq. 1). Fig. 2(a) displays the calculated 2D patterns using this model for the field strengths of 321, 163, 85 and 45 mT, and in Fig. 2(b) we plot the corresponding 2D correlation functions which we extracted from the synthetic scattering data using the Kaczmarz algorithm (see Eq. 4). It can be seen that at 321 mT the scattering pattern is dominated by the sin 2 Θcos 2 Θ-term. With decreasing field strength the signature of the sin 2 Θcos 2 Θ term vanishes which indicates an increasing contribution by the | M x | 2 and | M y | 2 terms (Eq. 1). Consequently, the corresponding 2D correlation functions vary significantly with field strength. Although P (r) is not directly the autocorrelation function of the real-space magnetization vector field, 28 the extracted corre- with maxima along Θ = 60 • , which follows the dipolar stray field of the Fe crystallites (see also Fig. 1(c) ). With decreasing field strength, the anisotropy of P (r) changes and is elongated along the vertical direction (Θ = 90 • ) in agreement with theory. 28 In Fig. 3 we show the experimental 2D scattering data for all four field strengths, as well as the corresponding 2D correlation functions. It is evident that the experimentally observed anisotropies are in excellent agreement with the theoretical predictions in Fig. 2 . For all four field strengths we obtain basically the identical 2D correlation function. This demonstrates that the Kaczmarz algorithm can be employed to robustly extract the underlying 2D magnetic correlation functions from experimental, noisy magnetic SANS data. To summarize, we have introduced a procedure for the analysis of magnetic SANS data to visualize the magnetization configuration of bulk samples. We applied this approach to characterize the magnetic microstructure of the nanocrystalline ferromagnet Nanoperm. By subtracting the nuclear and magnetic scattering at saturation from the SANS data at intermediate magnetic field strengths, we obtained the purely magnetic SANS intensities I m (q).
We employed Kaczmarz' algorithm to extract the 2D magnetic correlation functions from the scattering patterns I m (q). By comparing our results with micromagnetic simulations and theoretical calculations we can show that the extracted correlation functions reflect the real-space magnetization distribution following the dipolar stray fields around Fe nanocrystallites. This study highlights that the 2D correlation functions derived from magnetic SANS data, which contain the projection of the 3D real-space magnetization configuration onto the 2D detector plane, can be used to image nanostructured spin textures within a large variety of samples.
